EP 4 464 802 A1

Patent Office

et (11) EP 4 464 802 A1

(12) EUROPEAN PATENT APPLICATION
published in accordance with Art. 153(4) EPC

(19) Européisches
Patentamt
0’ European

(43) Date of publication: (51) International Patent Classification (IPC):
20.11.2024 Bulletin 2024/47 C21D 9/46 (2006.01) C22C 38/00 (2005.01)
C22C 38/60(2006.01) C23C 2/06 (2006.01)
(21) Application number: 22920482.1 C23C 2/20(2006:07) C23C 2/26 2050V
C23C 2/40(2006.01)

(22) Date of filing: 29.11.2022
(52) Cooperative Patent Classification (CPC):

C21D 9/46; C22C 38/00; C22C 38/60; C23C 2/06;
C23C 2/20; C23C 2/26; C23C 2/40

(86) International application number:
PCT/JP2022/043968

(87) International publication number:
WO 2023/135962 (20.07.2023 Gazette 2023/29)

(84) Designated Contracting States: * YOSHINAGA, Chisato
AL AT BE BG CH CY CZ DE DK EE ES FI FR GB Tokyo 100-8071 (JP)
GRHRHUIEISITLILT LU LV MC ME MK MT NL  KUWAYAMA, Takuya
NO PL PT RO RS SE SI SK SM TR Tokyo 100-8071 (JP)
Designated Extension States: * TAKEDA, Kengo
BA Tokyo 100-8071 (JP)
Designated Validation States: * MITSUNOBU, Takuya
KH MA MD TN Tokyo 100-8071 (JP)
* FURUSAKO, Seiji
(30) Priority: 13.01.2022 JP 2022003757 Tokyo 100-8071 (JP)
¢ OBUCHI, Tatsuya
(71) Applicant: NIPPON STEEL CORPORATION Tokyo 100-8071 (JP)
Chiyoda-ku
Tokyo 100-8071 (JP) (74) Representative: Vossius & Partner
Patentanwélte Rechtsanwailte mbB
(72) Inventors: Siebertstrasse 3
* YOKOYAMA, Takafumi 81675 Miinchen (DE)

Tokyo 100-8071 (JP)

(54) HOT-DIP GALVANIZED STEEL SHEET AND METHOD FOR PRODUCING SAME

(57)  Provided are a hot dip galvanized steel sheet

having a predetermined chemical composition, and a

steel microstructure comprising, by vol%, ferrite: 0 to 10
50%, tempered martensite: 1% or more, retained auste-

nite: 5% or more, fresh martensite: 0 to 15%, total of 8
pearlite and cementite: 0 to 5%, and balance: bainite,
when measuring by GDS, a maximum value of Al con-
centration of an Al rich layer present at an interface of the
base steel sheet and the hot dip galvanized layer is 2.0
mass% or more and an Sig /Si, right under the interface is |
0.90 or less, a number density of recessed parts with a 2 5 ]
depth of more than 2 um at the interface is 2.0/100 pm or L 11
less per interface length, and a tensile strength is 980 0 ﬁ

MPa or more, and a method for producing the same. (] 20 40 60 80 100
DEPTH/ m

Fig.3

STEEL SHEET/
PLATING INTERFACE

Al/MASS%6

Al max ; 1

1
N W RO N

Al EMISSION INTENSITY/a.u.

Processed by Luminess, 75001 PARIS (FR)



10

15

20

25

30

35

40

45

50

55

EP 4 464 802 A1
Description
FIELD

[0001] The present invention relates to a hot dip galvanized steel sheet and a method for producing the same, more
particularly relates to a high strength hot dip galvanized steel sheet mainly used as steel sheet for automotive use and a
method for producing the same.

BACKGROUND

[0002] In recent years, improvement has been sought in the fuel efficiency of automobiles from the viewpoint of
restrictions on emission of greenhouse effect gases accompanying measures against global warming. A high strength
steel sheet is being increasingly applied so as to lighten the weight of vehicle bodies and secure collision safety. In
particular, recently, there has been an increasing need for a high strength steel sheet with a tensile strength of 980 MPa or
more. Further, in vehicle bodies as well, a high strength hot dip galvanized steel sheet which is hot dip galvanized at its
surface is sought for portions where rust resistance is demanded.

[0003] The steel sheetused forautomobile members require notonly strength, but also press-formability and weldability
and other types of processability required for forming parts. Specifically, from the viewpoint of press-formability, a steel
sheet is being asked to provide excellent elongation (total elongation EL at tensile test) and stretch flangeability (hole
expansion ratio: ).

[0004] In general, along with the higher strength of a steel sheet, the press-formability becomes worse. As means for
achieving both higher strength and press-formability of steel sheet, TRIP (transformation induced plasticity) steel sheet
utilizing the transformation induced plasticity of retained austenite is known.

[0005] PTLs 1to3disclose high strength TRIP steel sheet with percentages of microstructure components controlled to
predetermined ranges and improved in elongation and hole expansion ratio. Further, PTL 4 describes a high strength steel
sheet having a predetermined chemical composition, comprising ferrite with an average crystal grain size of 2 umorlessin
a volume percentage of 15% or less, retained austenite with an average crystal grain size of 2 wm or less in a volume
percentage of 2 to 15%, martensite with an average crystal grain size of 3 wm or less in a volume percentage of 10% or less,
and a balance of bainite and tempered martensite with an average crystal grain size of 6 um or less, and containing an
average of 10 or more cementite particles with a grain size of 0.04 um or more in the bainite and tempered martensite
grains and described that the high strength steel sheet has a 1180 MPa or more tensile strength and has high elongation
and hole expandability and an accompanying excellent bendability.

[0006] PTL 5discloses TRIP steel sheetimproved in stretch flangeability by limiting the area ratio of blocky (low aspect
ratio) retained austenite.

[0007] PTL 6 discloses high strength TRIP steel sheet large in work hardening in initial shaping and having excellent
shape freezeability and workability by control of the amount of dissolved Si and amount of dissolved Mn contained in the
retained austenite to predetermined values or more.

[0008] Further, a steel sheet for automotive use is asked to provide excellent weldability in addition to press-formability.
In particular, in the welding of hot dip galvanized steel sheets with each other or the welding of a hot dip galvanized steel
sheet and nonplated steel sheet, liquid metal embrittlement (LME) cracking has to be suppressed. This phenomenon is
cracking arising due to action of the tensile stress generated by the welding at places where zinc rendered a liquid phase
due to the weld heat input penetrates inside the steel sheet along the grain boundaries and causes embrittlement.
[0009] The fact that LME cracking occurs more easily the greater the amount of Si contained in the steel is disclosed in
PTL 7. Therefore, that document discloses TRIP steel sheet in which, instead of part of the Si added to obtain retained
austenite in TRIP steel, Al having a similar effect is added. Further, TRIP steel sheet in which Al is added in place of part of
the Si is disclosed in PTLs 8 and 9 as well.

[0010] Further, PTL 10 discloses a method of production of a hot dip galvanized steel sheet excellent in LME cracking
resistance characterized by controlling the atmosphere at the time of heating and annealing at the hot dip galvanization
line.

[CITATIONS LIST]
[PATENT LITERATURE]
[0011]

[PTL 1] WO 2013/051238
[PTL 2] Japanese Unexamined Patent Publication No. 2006-104532
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[PTL 3] Japanese Unexamined Patent Publication No. 2011-184757
[PTL 4] WO 2017/179372

[PTL 5] WO 2018/190416

[PTL 6] WO 2013/018741

[PTL 7] WO 2018/202916

[PTL 8] Japanese Unexamined Patent Publication No. 2011-17046
[PTL 9] WO 2013/144377

[PTL 10] WO 2018/234938

SUMMARY
[TECHNICAL PROBLEM]

[0012] In this field, there is an ongoing need for a hot dip galvanized steel sheet achieving both higher strength and
press-formability while being excellent in LME cracking resistance. In the steel sheet or hot dip galvanized steel sheet of
the prior art, there remains room for improvement from these viewpoints.

[0013] Therefore, an object of the present invention is to provide a hot dip galvanized steel sheet excellent in press-
formability and LME cracking resistance of spot welds and a method for producing the same.

[SOLUTION TO PROBLEM]

[0014] The inventors engaged in intensive studies for achieving the above object and as a result discovered that the
sensitivity of spot welds to LME cracking in a hot dip galvanized steel sheet is remarkably improved in the following cases.

Case where interface of the base steel sheet and hot dip galvanized layer is smooth

[0015] Recessed parts present at the interface of the base steel sheet and hot dip galvanized layer (below, also simply
referred to as the "steel sheet/plating interface") easily accumulate Zn melted by the input heat at the time of spot welding
and become parts where stress concentrates, and therefore it is believed that easily become starting points of LME
cracking. In the present invention, it is not the recessed/projecting parts of the hot dip galvanized steel sheet, but the
recessed parts of the steel sheet/plating interface that are important. This feature fundamentally differs from the generally
measured steel sheet roughness. Specifically, the inventors discovered that if the number density of recessed parts with
depths at the steel sheet/plating interface of more than 2 umis 2.0/100 wm or less per interface length, a remarkable effect
of improvement is obtained.

Case where Al concentration of Al rich layer present at steel sheet/plating interface is high

[0016] The detailed mechanismis not clear, butitis believed there is a possibility that the Al rich layer present at the steel
sheet/plating interface inhibits the penetration of molten Zn into the base steel sheet. Further, the inventors discovered that
this effect becomes larger the higher the Al concentration in the Al rich layer. Specifically, the inventors discovered thatifthe
maximum value of the Al concentration of the Al rich layer present at the steel sheet/plating interface is 2.0 mass% or more
when using a high frequency glow discharge optical emission spectrometer (GDS) to measure the Al concentration from
the surface of the hot dip galvanized steel sheet down in the depth direction, a remarkable effect of improvement is
obtained.

Case where low Si layer (Si poor layer) is present at base steel sheet right below steel sheet/plating interface

[0017] Thisis believed to be because Siis an element causing the LME cracking sensitivity to worsen, therefore if the Si
concentration at the region of the base steel sheet right below the plating interface contiguous with the molten Zn is low, the
LME cracking sensitivity is improved. Specifically, the inventors discovered that if the Sig/Si, at the base steel sheet right
under the steel sheet/plating interface is 0.90 or less when using a high frequency glow discharge optical emission
spectrometer (GDS) to measure the emission intensity of Si from the surface of the hot dip galvanized steel sheet downin
the depth direction, a remarkable effect of improvement is obtained.

[0018] The present invention was realized based on the above discoveries and specifically is as follows:

(1) Ahotdip galvanized steel sheet comprising a base steel sheetand a hotdip galvanized layerformed on atleastone
surface of the base steel sheet, wherein the base steel sheet has a chemical composition comprising, by mass%,
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C: 0.15t0 0.30%,

Si: 0.30 to 2.50%,

Mn: 1.40 to 3.49%,

P: 0.050% or less,

S: 0.0100% or less,

Al: 0.001 to 1.50%,

N: 0.0100% or less,

0: 0.0100% or less,

Cr: 0 to 1.00%,

Mo: 0 to 1.00%,

Cu: 0 to 1.00%,

Ni: 0 to 1.00%,

Co: 0 to 1.00%,

W: 0 to 1.00%,

Sn: 0 to 1.00%,

Sb: 0 to 0.50%,

Nb: 0 to 0.200%,

Ti: 0 to 0.200%,

V: 0 to 1.00%,

B: 0 to 0.0050%,

Ca: 0 to 0.0100%,

Mg: 0 to 0.0100%,

Ce: 0 t0 0.0150%,

Zr: 0 to 0.0100%,

La: 0 to 0.0150%,

Hf: 0 to 0.0100%,

Bi: 0 to 0.0100%,

REM other than Ce and La: 0 to 0.0100% and

balance: Fe and impurities, and

a steel microstructure in arange of 1/8 thickness to 3/8 thickness centered on 1/4 thickness from the surface of the
base steel sheet comprising, by vol%,

ferrite: 0 to 50%,

tempered martensite: 1% or more,

retained austenite: 5% or more,

fresh martensite: 0 to 15%,

total of pearlite and cementite: 0 to 5%, and

balance: bainite,

when measuring the hot dip galvanized steel sheet by a high frequency glow discharge optical emission
spectrometer (GDS), a maximum value of Al concentration of an Al rich layer present at an interface of the
base steel sheetand the hot dip galvanized layeris 2.0 mass% or more and an Si/Siy, at the base steel sheet right
under the interface of the base steel sheet and the hot dip galvanized layer is 0.90 or less,

anumber density of recessed parts with a depth of more than 2 um at the interface of the base steel sheet and the
hot dip galvanized layer is 2.0/100 wm or less per interface length, and a tensile strength is 980 MPa or more,
where

Sig : local minimum value of Si emission intensity at base steel sheet right under interface of base steel sheet
and hot dip galvanized layer
Si,, : average value of Si emission intensity at base steel sheet.

(2) The hot dip galvanized steel sheet according to (1), wherein the chemical composition comprises, by mass%,

Si: 0.30 to 1.20% and
Al: 0.30 to 1.50%.

(3) A method for producing the hot dip galvanized steel sheet according to (1) or (2), comprising

(A) a hot rolling step including hot rolling a slab having the chemical composition according to (1) or (2), then
coiling and cooling the obtained hot rolled steel sheet, wherein the cooling satisfies the following formula (1):
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[Mathematical 1]

tf
Do No .
5 0.05 < ZZ( ~At)<1.50 e e (1)
t=0 Ny

where,

[Mathematical 2]
10

90,000
D, =29-1077exp| —————] + + « (2)
8.314 -T(t)
15 [Mathematical 3]
104,000
NO=O.381'exp(———-—————) <o (3)
8.314 -T(t)
20

T(t): steel sheet temperature (K) after elapse of "t" seconds from coiling
tf: time (s) until steel sheet temperature reaches 673K
Nx: total of atomic percents (-) of Si, Mn, and Al in steel

25 (B) a pickling step including applying at least one bending/unbending deformation to the hot rolled steel sheet,
then running the hot rolled steel sheet through a temperature 70 to 90°C aqueous solution containing 1.0 t0 5.0
mol/L of HCI, less than 3.0 mol/L of Fe2 * , and less than 0.10 mol/L of Fe3 * by an average speed of 10 m/min or
more as pickling treatment for 30 seconds or more,

(C)acoldrolling step of cold rolling the hotrolled steel sheet after the pickling treatment by a rolling reduction of 30

30 to 75%,

(D) a heat treatment and plating step including heat treating and plating the obtained cold rolled steel sheet,
wherein the heat treatment and plating step satisfies the conditions of the following (D1) to (D4)

(D1) heating the cold rolled steel sheet to give an average heating speed from 600°C to an Ac1+30°C to
35 950°C maximum heating temperature of 0.2 to 20°C/s, wherein an atmosphere around the cold rolled steel

sheet satisfies the following formula (4):

[Mathematical 4]

pH,0
pH,

40 —1.0<log( )<-o.1 <0 (4)

pH, O: steam partial pressure
pH, : hydrogen partial pressure

45
(D2) holding the cold rolled steel sheet at the maximum heating temperature for 1 to 1000 seconds,
(D3) the time after dipping in the plating bath until gas wiping is 0.1 to 5 seconds and the steel sheet
temperature after gas wiping is 440°C or less, and
(D4) cooling the steel sheet to a range of Ms to Ms-200°C, then reheating to a temperature region of 300 to
50 420°C and holding at the temperature region for 100 to 600 seconds.

[ADVANTAGEOUS EFFECTS OF INVENTION]

[0019] According to the present invention, it is possible to obtain a hot dip galvanized steel sheet excellent in press-
55  formability and LME cracking resistance of spot welds.
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BRIEF DESCRIPTION OF DRAWINGS
[0020]

FIG. 1is a view for explaining a method for measuring a number density of recessed parts with a depth of more than 2
wm at an interface of a base steel sheet and hot dip galvanized layer.

FIG. 2 is a view for explaining a method for measuring a maximum value of an Al concentration of an Al rich layer
present at an interface of a base steel sheet and hot dip galvanized layer.

FIG. 3 is a view for explaining a method for measuring a maximum value of an Al concentration of an Al rich layer
present at an interface of a base steel sheet and hot dip galvanized layer.

FIG. 4 is a view for explaining a method for measuring Sig /Si,, at a base steel sheet right under an interface of a base
steel sheet and hot dip galvanized layer.

DESCRIPTION OF EMBODIMENTS
"Chemical Composition of Base Steel Sheet"

[0021] First, the reasons for limiting the chemical composition of the base steel sheet according to an embodiment of the
presentinvention (below, also simply referred to as the "steel sheet") in the above way will be explained. In this Description,
the "%"s defining the chemical composition are all "mass%" unless particularly indicated otherwise. Further, in this
Description, the "to" showing a numerical range is used in a sense including the numerical values described before and
after it as an upper limit value and a lower limit value unless particularly indicated otherwise.

[C: 0.15 to 0.30%]

[0022] C(carbon)isanelementessential for securing the strength of steel sheet. To sufficiently obtain such an effect, the
C content is 0.15% or more. The C content may also be 0.16% or more, 0.18% or more, or 0.20% or more. On the other
hand, if excessively including C, the press-formability and other workability and the weldability will sometimes decline. For
this reason, the C content is 0.30% or less. The C content may also be 0.28% or less, 0.27% or less, or 0.25% or less.

[Si: 0.30 to 2.50%]

[0023] Si (silicon) is an element suppressing the formation of iron carbides and contributing to improvement of the
strength and shapeability. To sufficiently obtain these effects, the Si content is 0.30% or more. The Si content may also be
0.40% or more, 0.50% or more, 0.51% or more, 0.52% or more, 0.55% or more, 0.60% or more, or 0.70% or more. On the
other hand, excessive addition sometimes aggravates the LME cracking at the time of welding. Therefore, the Si contentis
2.50% or less. From the viewpoint of suppressing LME cracking, the Si content is preferably lower. Specifically, 2.00% or
less is preferable, and 1.50% or less is more preferable. In particular, if limiting the Si content to 1.20% or less, itis possible
to obtain particularly excellent LME cracking sensitivity resistance.

[Mn: 1.40 to 3.49%]

[0024] Mn (manganese) is a powerful austenite stabilizing element and an element effective for raising the strength of
steel sheet. To sufficiently obtain such an effect, the Mn contentis 1.40% or more. The Mn content may be 1.50% or more,
1.70% or more, or 2.00% or more. On the other hand, excessive addition sometimes causes deterioration of the press-
formability and other workability and the weldability and furthermore the low temperature toughness. Therefore, the Mn
content is 3.49% or less. The Mn content may also be 3.20% or less, 3.00% or less, or 2.90% or less.

[P: 0.050% or Less]

[0025] P (phosphorus) is a solution strengthening element and an element effective for making the steel sheet high
strength, but excessive addition causes deterioration of the weldability and toughness. Therefore, the P content is limited
t00.050% orless. The P contentis preferably 0.045% orless, 0.035% or less, or 0.020% or less. The P content may also be
0%, but to make the P content decrease to an extreme degree, the dephosphorization cost increases, therefore from the
viewpoint of economy, the lower limit is preferably 0.001%.
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[S: 0.0100% or Less]

[0026] S (sulfur)is an element contained as an impurity and forms MnS in steel to cause deterioration of the toughness
and hole expandability. Therefore, as a range in which the deterioration of the toughness and hole expandability is not
remarkable, the S content is limited to 0.0100% or less. The S content is preferably 0.0050% or less, 0.0040% or less, or
0.0030% or less. The S content may also be 0%, but to make the S content decrease to an extreme degree, the
desulfurization cost increases, therefore from the viewpoint of economy, the lower limit is preferably 0.0001%.

[Al: 0.001 to 1.50%]

[0027] Al(aluminum)is addedinatleast0.001% for deoxidation of the steel. The Al content may also be 0.005% or more,
0.01% or more, 0.02% or more, 0.05% or more, or 0.10% or more. On the other hand, even if excessively adding Al, the
effect becomes saturated and not only is a rise in cost particularly invited, but also the transformation temperature of the
steel is made to rise and the load at the time of hot rolling is made to increase. As a result, sometimes the mechanical
properties of the steel sheet are made to fall. Therefore, the Al content is given an upper limit of 1.50%. The Al content may
also be 1.40% or less, 1.20% or less, or 1.00% or less. Further, Al has the effect of suppressing the formation of iron
carbides to thereby make the retained austenite increase. If desiring to obtain this effect, Al has to be added in 0.30% or
more. The Al content may also be 0.50% or more or 0.70% or more.

[N: 0.0100% or Less]

[0028] N (nitrogen)is an element contained as animpurity and forms coarse nitrides in the steel to cause deterioration of
the bendability and hole expandability if the content is large. Therefore, the N content is limited to 0.0100% or less. The N
contentis preferably 0.0080% orless, 0.0060% or less, or 0.0050% or less. The N content may also be 0%, but to make the
N content decrease to an extreme degree, the denitridation cost increases, therefore from the viewpoint of economy, the
lower limit is preferably 0.0001%.

[O: 0.0100% or Less]

[0029] O (oxygen)is anelement contained as an impurity and forms coarse oxides in the steel to cause deterioration of
the bendability and hole expandability if the content is large. Therefore, the O content is limited to 0.0100% or less. The O
content is preferably 0.0080% or less, 0.0060% or less, or 0.0050% or less. The O content may also be 0%, but from the
viewpoint of production costs, the lower limit is preferably 0.0001%.

[0030] The basic chemical composition of the base steel sheet according to an embodiment of the presentinvention and
the slab used forits productionis as explained above. Furthermore, the base steel sheet and slab may contain the following
optional elements in accordance with need. The lower limit of content in the case of not including any optional elements is
0%.

[Cr: 0 to 1.00%, Mo: 0 to 1.00%, Cu: 0 to 1.00%, Ni: 0 to 1.00%, Co: 0 to 1.00%, W: 0 to 1.00%, Sn: 0 to 1.00%, Sb: 0
to 0.50%, Nb: 0 to 0.200%, Ti: 0 to 0.200%, V: 0 to 1.00% and B: 0 to 0.0050%]

[0031] Cr(chromium), Mo (molybdenum), Cu (copper), Ni (nickel), Co (cobalt), W (tungsten), Sn (tin), Sb (antimony), Nb
(niobium), Ti (titanium), V (vanadium), and B (boron) are all elements effective for raising the strength of steel sheet. For
this reason, one or more of these elements may be added according to need. However, if excessively adding these
elements, the effects become saturated and a rise in costs is invited. Therefore, the contents are Cr: 0 to 1.00%, Mo: 0 to
1.00%, Cu: 0to 1.00%, Ni:0to 1.00%, Co:0to 1.00%, W:0to 1.00%, Sn: 0to 1.00%, Sb: 0t0 0.50%, Nb: 0t0 0.200%, Ti: 0
t00.200%, V:0to 1.00%, and B: 0 to 0.0050%. The elements may also be 0.001% or more, 0.005% or more, or 0.010% or
more. In particular, the B content may also be 0.0001% or more or 0.0002% or more. Similarly, the B content may also be
0.0030% or less, 0.0010% or less, less than 0.0005%, 0.0004% or less, or 0.0003% or less.

[Ca: 0 to 0.0100%, Mg: 0 to 0.0100%, Ce: 0 to 0.0150%, Zr: 0 to 0.0100%, La: 0 to 0.0150%, Hf: 0 to 0.0100%, Bi: 0
to 0.0100% and REM Other Than Ce and La: 0 to 0.0100%]

[0032] Ca (calcium), Mg (magnesium), Ce (cerium), Zr (zirconium), La (lanthanum), Hf (hafnium), and REM (rare earth
metal) other than Ce and La are elements contributing to fine dispersion of steel inclusions. Bi (bismuth) is an element
lightening the microsegregation of Mn, Si, and other substitution type alloy elements in steel. These contribute to
improvement of the workability of steel sheet, therefore one or more of these elements may be added according to
need. However, excessive addition triggers deteriorate of the ductility. Therefore, the contents have 0.0150% or 0.0100%
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as upper limits. Further, the elements may be 0.0001% or more, 0.0005% or more, or 0.0010% or more.

[0033] In the base steel sheet according to an embodiment of the present invention, the balance besides the above-
mentioned elements is comprised of Fe and impurities. "Impurities" are constituents, etc., entering due to various factors in
the production process, first and foremost raw materials such as ore and scrap, when industrially producing the base steel
sheet.

"Steel Microstructure Inside Base Steel Sheet"

[0034] Next, the reasons for limitation of the internal structure of the base steel sheet according to an embodiment of the
present invention will be explained.

[Ferrite: 0 to 50%]

[0035] Ferrite is excellent in ductility, but is a soft structure and is preferably included in accordance with need. The
contentin this case may be, by vol%, 1% or more, 5% or more, or 10% or more. On the other hand, if excessively containing
ferrite, securing the desired steel sheet strength becomes difficult. Therefore, the content is, by vol%, 50% or less and may
also be 45% or less, 40% or less, or 35% or less.

[Tempered Martensite: 1% or More]

[0036] Tempered martensite is a high strength and tough structure and a metallographic structure essential in an
embodiment of the present invention. To balance strength and elongation at a high level, the tempered martensite content
is, by vol%, 1% or more. The tempered martensite content is preferably 5% or more and may be 10% or more or 20% or
more. The upper limitis not particularly prescribed, but for example the tempered martensite content may be, by vol%, 90%
or less, 80% or less, 70% or less, or 50% or less.

[Retained Austenite: 5% or More]

[0037] Retained austenite improves the ductility of steel sheet by the TRIP effect of transformation to martensite by work
induced transformation during deformation of the steel sheet. For this reason, the retained austenite content is, by vol%,
5% or more and may be 8% or more, 9% or more, 10% or more, or 11% or more. Retained austenite rises in elongation the
greater the amount, therefore there is no need to prescribe an upper limit value. However, to obtain a large amount of
retained austenite, a need arises to include a large amount of C or other alloy elements. In the present invention, an upper
limit is set for the C content, therefore it is de facto difficult to obtain 30% or more of retained austenite. Therefore, the
retained austenite content may be, by vol%, 30% or less, 25% or less, or 20% or less.

[Fresh Martensite: 0 to 15%)]

[0038] In an embodiment of the present invention, "fresh martensite" means martensite which is not tempered, i.e.,
martensite not containing carbides. This fresh martensite is a brittle structure, therefore becomes starting points of fracture
at the time of plastic deformation and causes deterioration of the local ductility of steel sheet. Therefore, the content is, by
vol%, 0to 15%. The fresh martensite content is preferably, by vol%, 0 to 10% or 0 to 5%. The fresh martensite content may
also be, by vol%, 1% or more or 2% or more.

[Total Pearlite and Cementite: 0 to 5%]

[0039] Pearlite contains hard and coarse cementite and becomes starting points of fracture at the time of plastic
deformation, therefore causes deterioration of the local ductility of steel sheet. Therefore, the content, together with
cementite, is, by vol%, 0 to 5% and may be 0 to 3% or 0 to 2%.

[Bainite: Balance]

[0040] The balance of the metallographic structure of the base steel sheet according to an embodiment of the present
invention is comprised of bainite. The bainite of the remaining structure may be any of upper bainite having carbides
between laths, lower bainite having carbides inside the laths, bainitic ferrite not having carbides, or granular bainite in
which the lath boundaries of the bainite have recovered and become unclear or may be mixed structures of the same. The
bainite content of the balance may be 0%. For example, the bainite content of the balance may be, by vol%, 1% ormore, 5%
or more, or 10% or more. The upper limit is not particularly prescribed, but for example the bainite content of the balance
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may be, by vol%, 70% or less, 60% or less, 57% or less, 55% or less, 50% or less, or 40% or less.

[0041] The percentages of the steel structures are evaluated by secondary electron images obtained using FE-SEM and
the X-ray diffraction. First, a sample is taken having a cross-section of thickness parallel to the rolling direction of the steel
sheet and at the center position in the width direction as the examined surface. The examined surface is machine polished
to finish it to a mirror surface, then is etched using a Nital solution. Next, in one or more examined fields in a range of 1/8
thickness to 3/8 thickness centered on 1/4 thickness from the surface of the base steel sheet at the examined surface, a
secondary electron image is captured for a total area of 2.0x 10-° m2 or more. Using the obtained secondary electron
image, the area ratios of the ferrite, retained austenite, bainite, tempered martensite, fresh martensite, and pearlite are
respectively measured. These are deemed the volume percentages. A region having lower structures inside the grains
and precipitating with cementite having several variants is judged tempered martensite. The region where cementite
precipitates in a lamellar form is judged to be pearlite (or total of pearlite and cementite). A region with a small luminance
and no lower structures recognized are judged to be ferrite. A region with a large luminance and with lower structures not
appearing by etching are judged to be fresh martensite and retained austenite. Regions not corresponding to any of the
above region are judged to be bainite. The volume ratios of these are calculated by the point counting method and deemed
the volume ratios of the structures. The volume ratio of fresh martensite can be found by subtracting the volume ratio of
retained austenite found by the X-ray diffraction method.

[0042] The volume ratio of the retained austenite is measured by the X-ray diffraction method. That s, the material of the
base steel sheet is removed by machine polishing and chemical polishing down to a depth 1/4 position from the sheet
surface in the thickness direction. Further, the polished sample was analyzed using MoKa.1 rays as the characteristic X-
rays. The structural percentage of retained austenite is calculated from the integrated intensity ratios of the diffraction
peaks of the bcc phase (200) and (211) and fee phase (200), (220), and (311). These are made the volume ratios of the
retained austenite.

"Hot Dip Galvanized Layer"

[0043] The base steel sheet according to an embodiment of the present invention has a hot dip galvanized layer on at
least one surface, preferably on both surfaces. The plating layer may be a hot dip galvanized (Gl) layer having any
composition known to persons skilled in the art and may contain Al, Mg, Si, Fe, and other added elements besides the Zn.
Further, the amount of deposition of the plating layer is not particularly limited and may be a general amount of deposition.
The general amount of deposition in the case of use for automobile applications is for example 20 to 100 g/mZ2 per surface.

[Number Density of Recessed Parts with Depths of More Than 2 um at Interface of Base Steel Sheet and Hot Dip
Galvanized Layer: 2.0/100 wm or Less Per Interface Length]

[0044] In a hotdip galvanized steel sheet according to an embodiment of the present invention, the number density of
recessed parts with depths of more than 2 um at the interface of the base steel sheetand hot dip galvanized layeris 2.0/100
wm or less per interface length. Recessed parts with depths of more than 2 um easily accumulate Zn melted by the heat
input at the time of spot welding and function as parts where stress concentrates, therefore become starting points of LME
cracking. Therefore, if the number density of such recessed parts becomes higher, specifically if that number density
becomes more than 2.0/100 wm, the LME cracking sensitivity remarkably deteriorates. For this reason, from the viewpoint
of suppression or reduction of LME cracking, itis preferable to reduce the number density of such recessed parts to form a
flatter interface shape. Specifically, the number density is more preferably 1.0/100 wm or less. From the viewpoint of
suppressing or reducing LME cracking, the smaller the number density of recessed parts with depths of more than 2 umthe
more preferable. For this reason, the lower limit of the number density is preferably 0.0/100 wm and may be 0.1/100 pum.
[0045] The number density of recessed parts is measured as follows. Explained in detail referring to FIG. 1, first, a
sample is taken having a cross-section of thickness parallel to the rolling direction of the hot dip galvanized steel sheet and
atthe center position in the width direction as the examined surface. The examined surface is machine polished to finish it
to amirror surface, then a reflected electronimage is taken of the plating/steel sheet interface by an imaging power of 500X
using FE-SEM (FIG. 1(a)). The obtained reflected electron image is digitalized to clarify the interface of the hot dip
galvanized layer and the base steel sheet (FIG. 1(b)). The converted digitalized image is converted to numerical data to
obtain the height profile of the interface (FIG. 1(c)). As image analysis software by which such an operation is possible, for
example, there are Image J, etc. The center line is found by the least square method from the height profile and a region
dissociated to the minus side with a surface height of more than 2 um from the center line is deemed a "recessed part with a
depth of more than 2 um at the interface of the base steel sheet and hot dip galvanized layer". Similar analysis is performed
in atotal measurement range in the X-direction (rolling) of more than 1 mm. For example if the size in the X-direction (rolling
direction)in one field was 200 um, the above analysis is performed at least five times while changing the field. The numbers
of "recessed parts with depths of more than 2 um at the interface of the base steel sheet and hot dip galvanized layer"
obtained at the fields are totaled up and converted to the number density per 100 wum interface length. Thisis determined as
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"the number density of recessed parts with depths of more than 2 um at the interface of the base steel sheet and hot dip
galvanized layer". Here, the "interface length" means the length along the height profile of the interface such as shown in
FIG. 1(c) and can be measured using image analysis software. As the means for measuring the height profile of steel
sheet, the general practice is to use a contact type or laser type roughness meter, but if measuring the interface of plating
and a base steel sheet (base iron) like in the present invention, first it is necessary to dissolve and peel off the plating by an
acid. However, with this technique, there is a concern that at the time of dissolution by acid, not only the plating, but also the
base iron interface will simultaneously be corroded and will change from the original relief shapes, therefore these means
are not recommended.

[Maximum Value of Al Concentration of Al Rich Layer Present at Interface of Base Steel Sheet and Hot Dip Galva-
nized Layer: 2.0 mass% or More]

[0046] The hotdip galvanized steel sheetaccording to an embodiment of the presentinvention has an Al rich layer at the
interface of the base steel sheet and hot dip galvanized layer. Here, the "Al rich layer" means a region with an Al
concentration 10% or more higher than the Al concentration in the hot dip galvanizedlayer and 10% or more higherthan the
Al concentration in the base steel sheet. The Al concentration in the hot dip galvanized layer means the Al concentration by
a high frequency glow discharge optical emission spectrometer (GDS) at the 1/2 position of the thickness of the hot dip
galvanized layer. The 1/2 position of the thickness of the hot dip galvanized layer corresponds to an intermediate position
between the interface of the base steel sheet and hot dip galvanized layer identified in measurement by GDS explained
later and the surface of the hot dip galvanized steel sheet. Further, the Al concentration in the base steel sheet means the Al
concentration corresponding to the average value of the Al emission intensity by GDS at 100 to 150 wm depth from the
surface of the hot dip galvanized steel sheet. Itis believed that by the presence of the Alrich layer at the interface of the base
steel sheet and hot dip galvanized layer, it is possible to suppress the invasion of molten Zn in the base steel sheet. In
relation to this, it becomes possible to improve the LME cracking sensitivity. From the viewpoint of reliable improvement of
the LME cracking sensitivity, the maximum value of Al concentration of the Al rich layer is 2.0 mass% or more, preferably
2.5 mass% or more. The effect of improvement of the LME cracking sensitivity becomes greater the higher the Al
concentration of the Al rich layer. For this reason, the upper limit is not particularly prescribed, but for example the
maximum value of the Al concentration of the Al rich layer may be 8.0 mass% orless, 6.0 mass% orless, 5.0 mass% orless,
4.5 mass% or less, or 4.1 mass% or less.

[0047] The maximum value of the Al concentration of the Al rich layer is measured by a high frequency glow discharge
optical emission spectrometer (GDS). Specifically, the method is used of rendering the surface of the hot dip galvanized
steel sheet an Aratmosphere, applying voltage to cause the generation of glow discharge, and in that state sputtering the
steel sheet surface while analyzing itin the depth direction. Further, from the emission spectrum wavelengths unique to the
elements generated by excitation of atoms in the glow plasma, the elements included in the material (hot dip galvanized
steel sheet) are identified and the emission intensities of the identified elements are estimated. Data in the depth direction
can also be estimated from the sputter time. Specifically, by finding in advance the relationship between the sputter time
and sputter depth using standard samples, the sputter time can be converted to sputter depth. Therefore, the sputter depth
converted from the sputter time can be defined as the depth from the surface of the material. Further, in the high frequency
GDS analysis of the hot dip galvanized steel sheet in the present embodiment, it is possible to use a commercial analysis
apparatus. In the present embodiment, a high frequency glow discharge optical emission spectrometer GD-Profiler2
made by Horiba Ltd. is used. The obtained emission intensity is converted to mass% by creating a calibration line in the
following way. The average value of the emission intensity is calculated in a range of depth where the emission intensity is
sufficiently stable. For example, it is the average value of the emission intensity at 100 to 150 wm depth from the surface of
the hot dip galvanized steel sheet. This average value corresponds to the amount of Al [mass%] of the base steel sheet.
Further, if the emission intensity is 0, the mass% is also 0. The calibration curve is created by these two points. The position
of the interface of the base steel sheet and hot dip galvanized layer can be judged from the emission intensity of Zn.
[0048] One example of the emission intensity of Znin the case of measurement by GDS is shown in FIG. 2. The position
where the emission intensity of Zn sharply falls corresponds to the interface of the base steel sheet and hot dip galvanized
layer. Similarly, one example of the Al concentration (emission intensity) in the case of measurement by GDS is shown in
FIG. 3. It will be understood that the peak of Al concentration appears at the position where the emission intensity of Zn
sharply falls in FIG. 2. The Al concentration calculated from the emission intensity of such a peak appearing at the point
where the emission intensity of Zn sharply falls or its vicinity in the case of measurement by GDS (Almax in FIG. 3) is
determined as "the maximum value of the Al concentration of the Al rich layer present at the interface of the base steel sheet
and hot dip galvanized layer."

[Sig /Si,, at Base Steel Sheet Right Under Interface of Base Steel Sheet and Hot Dip Galvanized Layer: 0.90 or Less]

[0049] The hotdip galvanized steel sheet according to an embodiment of the presentinvention has a poor region of Siin
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the base steel sheet right under the interface of the base steel sheet and hot dip galvanized layer. Here, "right under the
interface" means the region up to 10 um from the interface of the base steel sheet and hot dip galvanized layer in the depth
direction. More specifically, it means the region up to 10 um from the interface of the base steel sheet and hot dip
galvanized layer identified by measurement by GDS in the depth direction. Si is an element causing deterioration of the
LME cracking sensitivity, therefore by the presence of such an Si poor region in the base steel sheet right under the plating
interface contacting the molten Zn, it becomes possible to improve the LME cracking sensitivity. From the viewpoint of
reliably improving the LME cracking sensitivity, Sig /Si, (where, Sig is the local minimum value of Si emission intensity at
base steel sheet right under interface of base steel sheet and hot dip galvanized layer and Siy, is the average value of Si
emission intensity at the base steel sheet) is 0.90 or less, preferably 0.85 or less. The effect of improvement of the LME
cracking sensitivity becomes larger the lower the Sig /Siy,. For this reason, the lower limit is not particularly prescribed, but,
for example, Sig/Siy, may be 0.10 or more, 0.30 or more, 0.50 or more, 0.60 or more, or 0.65 or more. Sig and Si, are
measured by a high frequency glow discharge optical emission spectrometer (GDS) in the same way as the case of the
maximum value of Al concentration of the Al rich layer. Details of the measurement condition are as described in relation to
the maximum value of Al concentration of the Al rich layer. The average value need only be calculated in a range of depth
where the Si,, emission intensity is sufficiently stable. For example, may be the average value of the emission intensity ata
range of 100 to 150 wm depth from the surface of the hot dip galvanized steel sheet. FIG. 4 shows an example of
measurement. Referring to FIG. 4, it will be understood that the local minimum value of Si (Sig) in the base steel sheet right
under the interface of the base steel sheet and hot dip galvanized layer appears.

"Mechanical Properties"

[0050] According to the hot dip galvanized steel sheet according to an embodiment of the present invention, excellent
mechanical properties, for example, high strength, specifically a 980 MPa or more tensile strength (TS), can be achieved.
The tensile strength is preferably 1080 MPa or more, more preferably 1180 MPa or more. The upper limitis not particularly
prescribed, but for example the tensile strength may be 2000 MPa or less, 1800 MPa or less, 1600 MPa or less, or 1500
MPa orless. According to the hot dip galvanized steel sheet according to an embodiment of the presentinvention, similarly,
a high ductility can be achieved. More specifically an 8.0% or more, preferably 10.0% or more, more preferably 12.0% or
more or 15.0% or more total elongation (El) can be achieved. The upper limit is not particularly prescribed, but for example
the total elongation may be 40.0% or less or 35.0% or less. The tensile strength and total elongation are measured by
taking a JIS No. 5 tensile test piece from a direction perpendicular to the rolling direction of the steel sheet and conducting a
tensile testbased on JIS Z2241:2011. Further, according to the hot dip galvanized steel sheet according to an embodiment
of the present invention, a high hole expandability can be achieved. More specifically a 18% or more, preferably 20% or
more, more preferably 25% or more hole expansion ratio (L) can be achieved. The upper limitis not particularly prescribed,
but for example the hole expansion ratio may be 80% or less or 70% or less. The hole expansion ratio is measured by
conducting a test by the "JFS T 1001 Hole Expansion Test Method" of the Japan Iron and Steel Federation standard.
According to the hot dip galvanized steel sheet according to an embodiment of the present invention, the balance of the
tensile strength (TS), total elongation (EI), and hole expansion ratio (1) can be improved at a high level, therefore it is
possible to achieve a press-formability preferable for use as a member for automotive use.

[Sheet Thickness]

[0051] The hot dip galvanized steel sheet according to an embodiment of the present invention has a thickness of, for
example, 0.6 to 4.0 mm. While not particularly limited, the sheet thickness may be 0.8 mm or more, 1.0 mm or more, or 1.2
mm or more. Similarly, the sheet thickness may be 3.0 mm or less, 2.5 mm or less, or 2.0 mm or less.

"Production Method"

[0052] Next, the method for producing the hot dip galvanized steel sheet will be explained. The following explanation is
intended to illustrate the characteristic method for producing the hot dip galvanized steel sheet according to an
embodiment of the present invention and is not intended to limit the hot dip galvanized steel sheet by the production
method such as explained below.

"(A) Hot Rolling Step"
[0053] First, inthe hotrolling step, a slab having the same chemical composition as the chemical composition explained
relating to the base steel sheet is heated before hot rolling, then is subjected to rough rolling and finish rolling. The heating

temperature of the slab is not particularly limited, but generally preferably is 1150°C or more so as to sufficiently dissolve
borides, carbides, etc. The steel slab used is preferably cast by the continuous casting method from the viewpoint of
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manufacturability, but may also be produced by the ingot casting method or thin slab casting method.
[Rough Rolling]

[0054] The heated slab may also be rough rolled before finish rolling. The rough rolling conditions are not particularly
limited, but the rough rolling is preferably performed so that the end temperature becomes 1050°C or more and the total
rolling reduction becomes 60% or more. If the total rolling reduction is less than 60%, the recrystallization during hot rolling
becomes insufficient, therefore this sometimes leads to uneven quality of the hot rolled steel sheet structure. The total
rolling reduction, for example, may be 90% or less.

[Finish Rolling]

[0055] After the optional rough rolling, the steel sheet is finish rolled. The conditions are not particularly limited, but the
stepis preferably performed in arange satisfying the conditions of afinish rolling entry side temperature of 950t0 1100°C, a
finish rolling exit side temperature of 850 to 1000°C, and a total rolling reduction of 80 to 95%. If the finish rolling entry side
temperature falls below 950°C, the finish rolling exit side temperature falls below 850°C, or the total rolling reduction rises
above 95%, the hot rolled steel sheet is forms texture, therefore sometimes the anisotropy at the final product sheet
becomes remarkable. On the other hand, if the finish rolling entry side temperature rises above 1100°C, the finish rolling
exit side temperature rises above 1000°C, or the total rolling reduction falls below 80%, sometimes the grain size of the hot
rolled steel sheet becomes coarser and coarsening of the structure of the final product sheet is triggered.

[Coiling Temperature]

[0056] The hotrolled steel sheet after finish rolling is, for example, cooled to 700°C or less, then taken up in a coil. The
coiling temperature is preferably 450 to 680°C. If the coiling temperature falls below 450°C, sometimes the strength of the
hot rolled sheet becomes excessive and the cold rollability is impaired. On the other hand, if the coiling temperature rises
above 680°C, Mn and other alloy elements concentrate at the cementite, therefore in the final annealing step, sometimes
cementite is slow to dissolve and adrop in strength is triggered. The coiling temperature may be 500°C or more and/or may
be 650°C or less or 600°C or less.

[Cooling of Hot Rolled Coil After Coiling]

[0057] The hot rolled coil after coiling (hot rolled steel sheet) is cooled so as to satisfy the following formula (1).
[Mathematical 5]

tf

Do N

0.05 < 22( 0 0-At><1.50 cee (1)
t=0 N

where,
[Mathematical 6]

90,000
D,=2910"7 exp| ~————— ] - - - (2)
8314 -T(¢)

[Mathematical 7]

104,000 )
N, = 0.381 -exp (~ -———-—————-) - e+ (3)
8.314 -T(t)

T(t): steel sheet temperature (K) after elapse of "t" seconds from coiling
tf: time (s) until steel sheet temperature reaches 673K
Nx: total of atomic percents (-) of Si, Mn, and Al in steel

[0058] Formula(1)shows thatthe greaterthe X value, the more aninternal oxidation reaction proceeds at the steel sheet
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surface. The X in formula (1) is calculated by quadrature by parts. Atis a finite value and corresponds to the measurement
pitch of temperature T(t). For example, itis 100 seconds. Do is the diffusion coefficient of oxygen atoms at the temperature
T(t), No is amount of oxygen atoms dissolved in the steel at the temperature T(t), and Nx is the total amount of the main
elements to be internally oxidized in the steel. Nx can be calculated by converting the mass percentages of the elements
(Si, Mn, Al) to atomic percentages and adding them up. If converting this to a formula, the result becomes the formula (5).
[Mathematical 8]

St + ™+ Y

[Fe]/MFe n [C]/MC n [Si]/MSi + [Mn]/MMn N [P]/Mm " [S]/MA;+ [Al]/MM + [N]/MN ..

Lo e (5)

Ny

where, [X]is the mass percentage of the element X and Mx is the atomic percentage of the element X. The denominator of
the formula (5) is the total of all elements added to the steel in question.

[0059] Thatis, formula (1) means that the greater the diffusion coefficient of oxygen atoms or the greater the amount of
dissolved oxygen, the easier itis for the internal oxidation reaction to proceed and the greater the amount of elements to be
internally oxidized, the harder itis forit to proceed. If the internal oxidation reaction proceeds, the Sidissolved in the steel is
consumed by the formation of internal oxides, therefore an Si poor layer is formed right under the internal oxidation layer.
Here, Si, in particular the Si dissolved in the steel, is an element causing the deterioration of the LME cracking sensitivity.
On the other hand, this Si poor layer can be made to remain in up to the final product by limiting the pickling conditions as
explained later. Due to this, it is possible to decrease the amount of Si dissolved in the base steel sheet right under the
interface with the molten Zn. For this reason, the LME resistance can be remarkably improved. On the other hand, if
excessively proceeding with the internal oxidation reaction, the relief shapes of the steel sheet become larger after
pickling. These relief shapes are flattened to a certain extent by the cold rolling, but the effect remains up to the final
product. As aresult, the number density of recessed parts with depths of more than 2 um at the steel sheet/plating interface
ofthe final productincreases and the LME resistance deteriorates. Due to such a situation, the value of formula (1) is limited
to more than 0.05 to less than 1.50. Preferably, it is 0.10 to 1.00, more preferably 0.20 to 0.70.

[0060] "(B) Pickling Step"

[0061] The hotrolled steel sheet obtained in the hot rolling step is pickled by running it through a temperature 70 to 90°C
aqueous solution containing 1.0 to 5.0 mol/L of HCI, less than 3.0 mol/L of Fe2 * , and less than 0.10 mol/L of Fe3 * by an
average speed of 10 m/min or more for 30 seconds or more. At this time, to efficiently remove the internal oxidation layer
containing the Sioxides, etc., the hot rolled steel sheet before pickling is deformed by bending and unbending atleast once
by a tension leveler, etc. If the HCI concentration in the pickling solution falls below 1.0 mol/L, the Fe2 * concentration
becomes 3.0 mol/L or more, the temperature of the aqueous solution falls below 70°C, the average speed of the hot rolled
steel sheet falls below 10 m/min, or the pickling time falls below 30 seconds, the pickling does not sufficiently proceed and
the internal oxidation layer is unevenly removed. As aresult, the number density of recessed parts with depths of more than
2 pm at the steel sheet/plating interface of the final product increases. On the other hand, if the HCI concentration rises
above 5.0 mol/L or the temperature rises above 90°C, pickling excessively proceeds, even the Si poor region which had
been formed at the hot rolled steel sheet is removed, and the Si poor region right under the interface of the base steel sheet
and hot dip galvanized layer of the final product is insufficiently formed. Further, it is known that the Fe3 * in the pickling
solution suppresses the effect of the inhibitor and thereby promotes the dissolution of the base steel sheet. If the Fe3 +
contentis 0.10 mol/L or more, the effect becomes remarkable. As aresult, again, the Si poor region right under the interface
ofthe base steel sheet and hot dip galvanized layer of the final product is insufficiently formed. Due to the above reason, the
pickling conditions are limited as explained above.

"(C) Cold Rolling Step"

[0062] The hotrolled steel sheetafter picklingis then cold rolled. The rolling reduction of the cold rolling is 30% or more so
as to promote recrystallization and/or flatten relief shapes of steel sheet after pickling. If the rolling reduction is less than
30%, the relief shapes at the steel sheet surface cannot be sufficiently flattened and the number density of recessed parts
with depths of more than 2 m at the steel sheet/plating interface of the final product increases. The rolling reduction may
also be 40% or more. On the other hand, excessive rolling reduction causes excessive rolling load and invites an increase
in load of the cold rolling mill, therefore the upper limit is 75% or 70%.
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"(D) Heat Treatment and Plating Step"
[(D1) Average heating speed from 600°C to an Ac1+30°C to 950°C maximum heating temperature of 0.2 to 20°C/s]

[0063] Next, the obtained cold rolled steel sheet is subjected to predetermined heat treatment and plating at the heat
treatment and plating step. Specifically, first, the cold rolled steel sheet is heated so that the average heating speed from
600°C to an Ac1+30°C to 950°C maximum heating temperature becomes 0.2 to 20°C/s and an atmosphere around the
cold rolled steel sheet satisfies the following formula (4):

[Mathematical 9]

pH,0
pH,

—1.0<10g( )<—0.1 <0 (4)

pH, O: steam partial pressure
pH, : hydrogen partial pressure

[0064] An internal oxidation reaction proceeds not only at the hot rolling step, but also the heat treatment step after the
cold rolling, whereby formation of the Si poor part is further promoted. The log(pH, O/pH, ) of formula (4) is also called the
"oxygen potential". The larger this value, the more internal oxidation of the Si, Mn, Al, and other easily oxidizable elements
present at the surface layer part in the steel proceeds and the Si poor region grows more. To obtain this effect, at the very
least, this value has to be more than -1.0. On the other hand, if the value is more than -0.1, not only Si, Mn, Al, etc., buteven
Fe proceed to oxidize, whereby nonplating and other problems arise. The more preferable range is -0.9 to -0.2, more
preferably -0.8 to -0.3. The maximum heating temperature from 600°C to the Ac1+30°C to 950°C s limited to 0.2t0 20°C/s.
If more than 20°C/s, the internal oxidation reaction does not sufficiently proceed. On the other hand, if less than 0.2°C/s,
coarsening of the structure and the decarburization reaction excessively proceed and thereby the strength falls. The
preferable average heating speed is 0.5 to 10°C/s, more preferably 1 to 7°C/s. Acl (°C) is calculated by the following
formula: At the symbols of the elements in the following formula, the mass% of the elements in the base steel sheet are
entered. For the elements not contained, 0 mass% is entered.

Ac1(°C)=723-10.7XMn-16.9XNi+29.1XSi+16.9XCr

[(D2) Holding at maximum heating temperature of Ac1+30°C to 950°C for 1 to 1000 seconds]

[0065] To make the austenite formation sufficiently proceed and obtain the desired microstructure by the subsequent
cooling treatment, the cold rolled steel sheet is heated to at least the Ac1+30°C or more and soaking is performed at that
temperature (maximum heating temperature). If austenite is not sufficiently formed, sometimes ferrite is formed in a large
amount at the final structure. However, if excessively raising the heating temperature, not only is deterioration of the
toughness due to coarsening of the austenite grain size, but also damage to the annealing facilities is caused. For this
reason, the upper limit is 950°C, preferably 900°C. If the soaking time is short, the formation of austenite does not
sufficiently proceed, therefore it is at least 1 second or more. The soaking time is preferably 30 seconds or more or 60
seconds or more. On the other hand, if the soaking time is too long, the productivity is obstructed, therefore the upper limitis
1000 seconds, preferably 600 seconds. During soaking, the cold rolled steel sheet does not necessarily have to be held at
a constant temperature and may fluctuate within a range satisfying the above conditions.

[(D3) Time after dipping in plating bath until gas wiping is 0.1 to 5 seconds and steel sheet temperature after gas wip-
ing is 440°C or less]

[0066] The cold rolled steel sheet after the heating and holding is cooled and dipped in a hot dip galvanization bath. At
this time, the steel sheet is preferably cooled so that the average cooling speed in the 550 to 700°C temperature range
becomes 10to 100°C/s. Regarding the steel sheettemperature at the time of dipping in the hot dip galvanization bath, if the
difference between the steel sheet temperature and the plating bath temperature is too great, sometimes the plating bath
temperature changes and the operation is obstructed. For this reason, the steel sheet temperature is preferably the plating
bath temperature-20°C to the plating bath temperature+20°C. The hot dip galvanization may be performed in accordance
with the usual method. For example, the plating bath temperature may be 440 to 480°C, and the dipping time may be 5
seconds or less. To form an Al rich layer at the steel sheet/plating interface, the plating bath preferably contains Alin 0.1 to
0.5 mass%. In addition, as impurities, Fe, Si, Mg, Mn, Cr, Ti, Pb, etc., may be contained. The basis weight of the plating is
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controlled by the gas wiping. The basis weight may be suitably changed in accordance with the corrosion resistance
demanded, but, or example, 20 to 100 g/m? per surface is preferable. The time until gas wiping after dipping in the plating
bath is limited to 0.1 to 5 seconds. If the time rises above 5 seconds or the steel sheet temperature after gas wiping rises
above 440°C, the Al rich layer starts to fracture, therefore the maximum value of the Al concentration in the Al rich layer
present at the steel sheet/plating interface falls below a predetermined value. The lower limit is not particularly prescribed,
but, for example, the steel sheet temperature after gas wiping may be 300°C or more. On the other hand, the lower limit of
the time until gas wiping is determined by the hardware configuration, but on a usual hot dip galvanization line, making it
lower than 0.1 second is difficult.

[(D4) Cooling steel sheet to Ms to Ms-200°C in range, then reheating it to 300 to 420°C temperature region and hold-
ing it at that temperature region for 100 to 600 seconds]

[0067] To cause partof the nontransformed austenite transform to martensite, the steel sheetis cooled to the martensite
transformation start temperature (Ms) to Ms-200°C in range. The martensite formed here is tempered by later reheating
and holding treatment and becomes tempered martensite. If the cooling step temperature rises above Ms, the tempered
martensite is not formed, therefore the desired metallographic structure is not obtained. On the other hand, if the cooling
stop temperature falls below Ms-200°C, the nontransformed austenite is excessively decreased, therefore the desired
retained austenite content is not obtained. The preferable range of the cooling stop temperature is Ms-20 to Ms-150°C,
more preferably Ms-40 to Ms-100°C. Martensite transformation occurs after ferrite transformation and/or bainite trans-
formation. Along with the above transformation, C is distributed in the austenite. For this reason, this does not match with
the Ms when heating to the austenite single phase and rapidly cooling. The Ms in an embodiment of the present inventionis
found by measuring the thermal expansion temperature. For example, Ms can be found by using a Formaster tester or
other apparatus able to measure the amount of thermal expansion during continuous heat treatment to reproduce the heat
cycle from the start of heat treatment (corresponding to room temperature) to cooling to the Ms or less and measure the
amount of thermal expansion during that time. In the temperature-thermal expansion curve at the time of simulating the
heat cycle by athermal expansion measurement apparatus, the steel sheet thermally contracts linearly during cooling, but
deviates from a linear relationship at a certain temperature. The temperature at this time is Ms in an embodiment of the
present invention.

[0068] After cooling to Ms to Ms-200°C in range, the steel sheet is reheated and held at 300°C to 420°C in range. In this
treatment, to obtain the desired retained austenite content, carbon is made to concentrate in the austenite and the
austenite is made to stabilize (austempering). At the same time, the martensite formed by the cooling is tempered. If the
reheating temperature is less than 300°C or the holding time is less than 100 seconds, the carbon is insufficiently
concentrated at the austenite. In the process of cooling to room temperature after that, the ratio of the austenite remaining
in the nontransformed austenite until room temperature and becoming retained austenite is decreased and the ratio of
formation of fresh martensite increases. As a result, the content of the retained austenite falls below, by vol%, the lower limit
of 5% and/or the content of the fresh martensite rises above, by vol%, 15%. On the other hand, if the reheating temperature
rises above 420°C or the holding time rises above 600 seconds, the austenite breaks down into cementite, therefore the
desired retained austenite content is not obtained. The order of (D3) and (D4) is not anissue. For example, after dipping in
the plating bath, the steel sheet may be cooled to Ms to Ms-200°C in range and dipped in the plating bath after finishing the
step of (D4).

[0069] Finally, the steel sheet is cooled down to room temperature to obtain the final product. To flatten and correct the
steel sheet and adjust the surface roughness, temper rolling may be performed. In this case, to avoid deterioration of the
ductility, the elongation rate is preferably 2% or less.

EXAMPLES

[0070] Next, examples of the present invention will be explained. The conditions of the examples are illustrations of the
conditions employed for confirming the workability and effect of the present invention. The presentinvention is not limited
to these illustrations of conditions. The present invention can employ various conditions so long as not deviating from the
gist of the present invention and achieving the object of the present invention.

[0071] Steels having the chemical compositions shown in Table 1 were cast to prepare slabs. The balances other than
the constituents shown in Table 1 were comprised of Fe and impurities. These slabs were hotrolled, including rough rolling
and finish rolling, under the conditions shown in Table 2 to produce hot rolled steel sheets. After that, the steel sheets were
coiled and cooled under the conditions shown in Table 2. Next, a tension leveler was used to deform the steel sheets by at
least one bending and unbending operation, then the hot rolled steel sheets were pickled under the conditions shown in
Table 2 to remove the internal oxidation layers and then were cold rolled. The sheet thicknesses after the cold rolling were
1.6 mmin each case. The obtained cold rolled steel sheets were further heat treated and hot dip galvanized (Gl) under the
conditions shown in Table 2.
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[0072] JIS No. 5 tensile test pieces were taken from a direction perpendicular to the rolling direction of the hot dip
galvanized steel sheets obtained in the above way and tensile tests based on JIS Z2241: 2011 to measure the tensile
strength (TS) and total elongation (El). Further, the "JFS T 1001 Hole Expansion Test Method" of the Japan Iron and Steel
Federation standard was used to measure the hole expansion ratio (1). Samples with a TS of 980 MPa or more and a
TSXEIX10-5/1000 of 90 or more were excellent in mechanical properties and judged to have press-formability preferable
for use as members for automotive use.

[0073] Further, to evaluate the liquid metal embrittliement (LME) fracturing ability of the spot welds, 150 mm width x50
mm length test pieces were obtained and pairs were subjected to spot welding tests. The sheets were made pairs of the
same steel sheets shown in Table 3 which were welded in the state with weld angles of 3°. For the test apparatus, a servo
motor-driven type stationary spot welding test apparatus was used. The power source was made a single-phase AC 50Hz,
weld pressure 400 kgf, weld time 20 cycles, and hold time 5 cycles. The values of the weld currents were made values of
currents giving diameters of the molten nuggets of 4.0 times, 5.0 times, and 5.5 times of vt (t: sheet thickness/mm). For the
electrodes, electrodes made of chrome copper with tip diameters of $6 mm and tip bending radii R of 40 mmwere used. The
welded samples were examined at cross-sections of the nugget parts. Samples with 0.2 mm or more cracks observed at
any of the current values were judged as "P" (poor), samples with 0.1 mm or more and less than 0.2 mm cracks observed at
any of the current values were judged as "G" (good), and samples with less than 0.1 mm cracks observed at any of the
current values were evaluated as "VG" (very good). The results are shown in Table 3.

[Table 1]

[0074]

Table 1

Steel Chemical composition (mass%, bal. Fe and impurities)

type C Si Mn P S Al| N ) Cr|Mo|[Cu|Ni|Co|W | |Snf{S|Nb| Ti |V B Others Acl
A 0.23 0.80 2.52 0.013 10.0004}0.46 {0.0027]0.0004 719
B 0.15 1.14 2.23 0.020 10.0027]0.1110.0019{0.0011 0.025 0.0014 732
C 0.26 145 1.45 0.016 10.0027]0.02]0.002310.0009{0.29]0.07 0.013 0.0023 755
D 0.21 0.37 | 256 | 0.003 [0.0006}1.3510.0015]/0.0010 0.30]0.15 704
E 0.22 0.63 2.30 0.011 10.0023]0.7410.00340.0010 0.020 0.0018 717
F 0.19 1.02 | 2.01 0.018 10.0010{0.53 [0.0025}0.0012/0.15 0.36 0.018]0.016 734
G 0.30 0.66 2.48 0.020 }0.002310.050.0020)0.0006 0.22 La:0.0049 716
H 0.22 1.61 2.14 0.005 10.0021]0.03 }0.0018]0.0005 Ca:0.0025 747
I 0.18 0.87 345 1 0.013 10.0013]0.36 10.0027{0.0007 711
J 0.21 0.79 2.69 0.016 10.0019]1.10}0.0027]0.0007 0.021 0.0011 Mg:0.0037 717
K 0.22 0.94 2.64 0.006 10.0030] 0.06 }0.0042]0.0009 0.12 0.052 0.0037 722
L 0.24 1.17 2.55 0.018 10.0013]0.350.00200.0012 0.030 0.34 REM:0.0054 730
M 0.21 1.78 2.41 0.018 10.0029]0.010.0019]0.0008 0.018 0.0017 Ce:0.0060 749
N 0.20 0.81 2.57 0.003 10.0024] 0.80{0.0042]0.0005 0.15 0.024 0.0025 719
[0) 0.23 0.99 1.96 0.015 10.0012}0.48 {0.0022/0.0005/0.81}0.10 0.31 745
P 0.16 1.03 2.97 0.015 10.0013]0.6110.004110.0011 0.0020 Bi:0.0043 721
Q 0.28 1.66 3.24 0.017 10.002810.07 {0.00220.0005 0.42 0.023 0.0015}Zr:0.0018,H£:0.0081] 737
R 0.29 237 2.32 0.004 |0.0025}0.050.0037]0.0010{0.78 0.033 0.0022 780
S 0.26 1.04 2.91 0.012 10.0009]0.02 {0.004010.0012 0.43 0.80 0.015}0.027 0.0013 709
T 0.24 0.33 3.05 0.009 10.0026]0.02 |0.0015]0.0004 0.021 0.0017 700
U 0.11 | 130 2.46 0.007 10.0015]0.050.00180.0004 735
v 0.35 1.06 | 2.60 0.004 10.0023]0.04 {0.0028]0.0012 726
w 0.24 020 | 2.66 | 0.013 10.0017]0.08 {0.0041{0.0003 700
X 020 | 2.69 | 2.38 0.019 10.0029]0.03 [0.0020{0.0010 776
Y 0.28 1.15 1.30 | 0.010 ]0.0008}0.100.0021}0.0008 743
Z 0.17 077 | 3.68 | 0.011 }0.0016{0.05]0.0023}0.0010 706
AA | 021 0.56 2.50 0.005 }0.0020{ 1.69 | 0.00330.0009 713

Underlines indicated outside scope of present invention.

[Table 2-1]
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[0081] In each of Comparative Examples 4, 10, and 38, the pickling conditions were not controlled to within the
predetermined ranges, therefore it is believed the pickling excessively proceeded and the Si poor region right under the
interface of the base steel sheet and hot dip galvanized layer was not sufficiently formed. As a result, the value of Sig /Siy
became higher and cracking occurred in the spot welds. In each of Comparative Examples 5, 8, and 39, the pickling
conditions were not controlled to within the predetermined ranges, therefore it is believed the pickling did not sufficiently
proceed and the internal oxidation layer was unevenly removed. As a result, the number density of the recessed parts with
depths of more than 2 um at the interface of the base steel sheet and hot dip galvanized layer increased and cracking
occurred in the spot welds. In Comparative Example 6, the value of formula (1) was high and therefore internal oxidation
excessively proceed, therefore it is believed relief shapes at the steel sheet grew larger after that pickling. As a result, the
number density of the recessed parts with depths of more than 2 um at the interface of the base steel sheet and hot dip
galvanized layer increased and cracking occurred in the spot welds. In Comparative Example 7, the value of formula (1)
was low and therefore internal oxidation did not sufficiently proceed, therefore itis believed that the Si poor layer right under
the internal oxidation layer could not be sufficiently formed. As a result, the value of Sig /Si, became higher and cracking
occurred in the spot welds. In Comparative Example 16, the maximum heating temperature at the heat treatment and
plating step was low, therefore austenite was not sufficiently formed and ferrite ended up being greatly formed and the
press-formability was inferior. In Comparative Example 16, the maximum heating temperature was lower than Ac1
(717°C) and no austenite able to transform to martensite remained, therefore in the "Ms-cooling temperature" and "Ms" in
Table 2, "-" is shown. In Comparative Example 17, the time until gas wiping after dipping in the plating bath was long,
therefore it is believed fracture of the Al rich layer present at the interface of the base steel sheet and hot dip galvanized
layer ended up starting and as a result the maximum value of the Al concentration of the Al rich layer fell and cracking
occurred in the spot welds. In Comparative Example 18, the temperature of the steel sheet after gas wiping was high,
therefore similarly it is believed that the Al rich layer ended up starting to fracture and as a result the maximum value of the
Al concentration of the Al rich layer fell and cracking occurred in the spot welds. In Comparative Example 19, the value of
formula (4) was low and therefore internal oxidation did not sufficiently proceed, therefore itis believed that the Si poor layer
could not be sufficiently formed. As a result, the value of Sig /Si,, became higher and cracking occurred in the spot welds.
[0082] In Comparative Example 20, the reheating temperature at the heat treatment and/or plating step was low,
therefore the desired retained austenite content could not be obtained and the press-formability was inferior. In
Comparative Example 21, the cooling temperature at the heat treatment and/or plating step was high, therefore tempered
martensite was not formed and the press-formability was inferior. In Comparative Example 22, the holding time at the
reheating temperature in the heat treatment and/or plating step was short, therefore the fresh martensite content became
high and the press-formability was inferior. In Comparative Example 33, the reheating temperature at the heat treatment
and/or plating step was high, therefore the desired retained austenite content could not be obtained and the press-
formability was inferior. In Comparative Example 34, the holding time at the reheating temperature at the heat treatment
and/or plating step was long, therefore similarly the desired retained austenite content could not be obtained and the press-
formability was inferior. In Comparative Example 35, the cooling temperature at the heat treatment and/or plating step was
low, therefore nontransformed austenite was excessively decreased and similarly the desired retained austenite content
could not be obtained and the press-formability was inferior. In Comparative Example 36, the rolling reduction of the cold
rolling was low, therefore the steel sheet surface could not be sufficiently flattened and at the finally obtained hot dip
galvanized steel sheet, the number density of recessed parts with depths of more than 2 pm at the interface of the base
steel sheet and hot dip galvanized layer increased and as a result cracking occurred in the spot welds. In Comparative
Example 37, the value of formula (4) became high and therefore not only did Si, etc., become internally oxidized, but Fe
also became oxidized and nonplating ended up occurring. For this reason, Comparative Example 37 was excluded from
coverage of evaluation as hot dip galvanized steel sheet. In each of Comparative Examples 46 to 48 and 50 to 52, the
chemical composition was not controlled to within a predetermined range, therefore the press-formability was inferior. In
Comparative Example 49, the Si content was high, therefore cracking occurred in the spot welds. In each of Comparative
Examples 53 and 54, the pickling time was short, therefore it is believed the pickling did not sufficiently proceed and the
internal oxidation layer was unevenly removed. As a result, the number density of the recessed parts with depths of more
than 2 um at the interface of the base steel sheet and hot dip galvanized layer increased and cracking occurred in the spot
welds.

[0083] In contrast to this, in each of the steel sheets of the invention examples, the TS was 980 MPa or more and
TSXEIXA0-5/1000 was 90 or more and, furthermore, the test results of the LME cracking resistance of the spot welds were
excellent, therefore it was learned that the press-formability and LME cracking resistance of the spot welds are excellent.

Claims

1. Ahotdip galvanized steel sheet comprising a base steel sheet and a hot dip galvanized layer formed on at least one
surface of the base steel sheet, wherein the base steel sheet has a chemical composition comprising, by mass%,
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C: 0.15t0 0.30%,

Si: 0.30 to 2.50%,

Mn: 1.40 to 3.49%,

P: 0.050% or less,

S: 0.0100% or less,

Al: 0.001 to 1.50%,

N: 0.0100% or less,

0:0.0100% or less,

Cr: 0to 1.00%,

Mo: 0 to 1.00%,

Cu: 0 to 1.00%,

Ni: 0 to 1.00%,

Co: 0 to 1.00%,

W: 0 to 1.00%,

Sn: 0 to 1.00%,

Sb: 0 to 0.50%,

Nb: 0 to 0.200%,

Ti: 0 to 0.200%,

V: 0 to 1.00%,

B: 0 to 0.0050%,

Ca: 0t0 0.0100%,

Mg: 0 to 0.0100%,

Ce: 010 0.0150%,

Zr: 0 to 0.0100%,

La: 0 to 0.0150%,

Hf: 0 to 0.0100%,

Bi: 0 to 0.0100%,

REM other than Ce and La: 0 to 0.0100% and

balance: Fe and impurities, and

a steel microstructure in arange of 1/8 thickness to 3/8 thickness centered on 1/4 thickness from the surface of the
base steel sheet comprising, by vol%,

ferrite: 0 to 50%,

tempered martensite: 1% or more,

retained austenite: 5% or more,

fresh martensite: 0 to 15%,

total of pearlite and cementite: 0 to 5%, and

balance: bainite,

when measuring the hot dip galvanized steel sheet by a high frequency glow discharge optical emission
spectrometer (GDS), a maximum value of Al concentration of an Al rich layer present at an interface of the
base steel sheetand the hot dip galvanized layeris 2.0 mass% or more and an Sig /Si, at the base steel sheetright
under the interface of the base steel sheet and the hot dip galvanized layer is 0.90 or less,

anumber density of recessed parts with a depth of more than 2 um at the interface of the base steel sheet and the
hot dip galvanized layer is 2.0/100 wm or less per interface length, and

a tensile strength is 980 MPa or more, where

Sig : local minimum value of Si emission intensity at base steel sheet right under interface of base steel sheet and
hot dip galvanized layer

Si,, : average value of Si emission intensity at base steel sheet.

2. The hot dip galvanized steel sheet according to claim 1, wherein the chemical composition comprises, by mass%,

Si: 0.30 to 1.20% and
Al: 0.30 to 1.50%.

3. A method for producing the hot dip galvanized steel sheet according to claim 1 or 2, comprising

(A) a hot rolling step including hot rolling a slab having the chemical composition according to claim 1 or 2, then
coiling and cooling the obtained hot rolled steel sheet, wherein the cooling satisfies the following formula (1):
[Mathematical 1]
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tf

Do-No

0.05 < Z'Z At) <150 - - - (1)
t=0 Nx

where,
[Mathematical 2]

90,000
D, =2.9-1077 exp | — ———merm . (2)
8.314T(t)
[Mathematical 3]
104,000
N, = 0.381 -exp| — ————— (3)
8.314-T(t)

T(t): steel sheet temperature (K) after elapse of "t" seconds from coiling
tf: time (s) until steel sheet temperature reaches 673K
NXx: total of atomic percents (-) of Si, Mn, and Al in steel

(B) a pickling step including applying at least one bending/unbending deformation to the hot rolled steel sheet,
then running the hot rolled steel sheet through a temperature 70 to 90°C aqueous solution containing 1.0 t0 5.0
mol/L of HCI, less than 3.0 mol/L of Fe2 * | and less than 0.10 mol/L of Fe3 * by an average speed of 10 m/min or
more as pickling treatment for 30 seconds or more,

(C)acoldrolling step of cold rolling the hot rolled steel sheet after the pickling treatment by a rolling reduction of 30
to 750/0,

(D) a heat treatment and plating step including heat treating and plating the obtained cold rolled steel sheet,
wherein the heat treatment and plating step satisfies the conditions of the following (D1) to (D4)

(D1) heating the cold rolled steel sheet to give an average heating speed from 600°C to an Ac1+30°C to
950°C maximum heating temperature of 0.2 to 20°C/s, wherein an atmosphere around the cold rolled steel
sheet satisfies the following formula (4):

[Mathematical 4]

-1.0< log(

pH, O: steam partial pressure
pH, : hydrogen partial pressure

(D2) holding the cold rolled steel sheet at the maximum heating temperature for 1 to 1000 seconds,

(D3) the time after dipping in the plating bath until gas wiping is 0.1 to 5 seconds and the steel sheet
temperature after gas wiping is 440°C or less, and

(D4) cooling the steel sheet to a range of Ms to Ms-200°C, then reheating to a temperature region of 300 to
420°C and holding at the temperature region for 100 to 600 seconds.
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